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ABSTRACT
Minor mergers are thought to be responsible for the size growth of quiescent field galax-
ies with decreasing redshift. We test this hypothesis using the cluster environment as
a laboratory. Satellite galaxies in clusters move at high velocities, making mergers
between them rare. The stellar mass-size relation in ten clusters and in the field is
measured and compared at z ∼ 1. Our cluster sample contains 344 spectroscopically-
confirmed cluster members with Gemini/GMOS and 182 confirmed with HST WFC3
G141 grism spectroscopy. On average, quiescent and star-forming cluster galaxies are
smaller than their field counterparts by (0.08 ± 0.04) dex and (0.07 ± 0.01) dex re-
spectively. These size offsets are consistent with the average sizes of quiescent and
star-forming field galaxies between 1.2 6 z 6 1.5, implying the cluster environment
has inhibited size growth between this period and z ∼ 1. The negligible differences
measured between the z ∼ 0 field and cluster quiescent mass-size relations in other
works imply that the average size of quiescent cluster galaxies must rise with decreas-
ing redshift. Using a toy model, we show that the disappearance of the compact cluster
galaxies might be explained if, on average, ∼40% of them merge with their brightest
cluster galaxies (BCGs) and ∼60% are tidally destroyed into the intra-cluster light
(ICL) between 0 6 z 6 1. This is in agreement with the observed stellar mass growth
of BCGs between 0 6 z 6 1 and the observed ICL stellar mass fraction at z ∼ 0. Our
results support minor mergers as the cause for the size growth in quiescent field galax-
ies, with cluster-specific processes responsible for the similarity between the field and
cluster quiescent mass-size relations at low redshift.
Key words: galaxies: clusters: general – galaxies: evolution – galaxies: high-redshift
– galaxies: star formation – galaxies: stellar content
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1 INTRODUCTION
Observations of massive galaxies across a range of redshifts
have now established that as the Universe ages, massive
galaxies grow in size more than they do in stellar mass (e.g
Huertas-Company et al. 2013a; van der Wel et al. 2014).
This disproportionately larger growth in size has been the
topic of many recent studies attempting to pin-down the
physical process responsible for driving it. Thus far, the ma-
jority of these studies argue that minor mergers (mergers
between two galaxies that have a mass ratio of > 10:1 or
in some cases > 3:1) can provide a plausible explanation
to these observations (Bezanson et al. 2009; Hopkins et al.
2009a; Naab et al. 2009; Trujillo et al. 2011; Hilz et al. 2012;
Oser et al. 2012; Bluck et al. 2012; Ferreras et al. 2014).
Despite these findings, there is debate on whether minor
mergers can fully account for this size growth. It has been
suggested that much of the size growth in the quiescent pop-
ulation of galaxies can also be explained by the appearance
of newly quenched star-forming galaxies (which have larger
sizes than quiescent galaxies) that formed at later epochs
(Carollo et al. 2013). Major mergers (equal-mass mergers)
can also increase the size of galaxies, but they lead to a pro-
portionate increase in stellar mass. If major mergers were
the dominant route for galaxy size growth, there would be
more high mass galaxies than currently observed at low red-
shifts (Bezanson et al. 2009; Lo´pez-Sanjuan et al. 2009).
Major mergers are therefore unlikely to be the main drivers
of galaxy size growth. Feedback from active galactic nuclei
(AGN) and stellar winds can also lead to the expansion of a
galaxy (Fan et al. 2008). However, the amount of mass re-
moved in this process would have to be fine-tuned to reach
the levels of galaxy size growth observed (Bezanson et al.
2009).
One aspect that can alter this picture of galaxy size
growth over time is the influence of environment. Galaxies
residing in high-density environments such as clusters have
higher peculiar velocities than galaxies residing in the low
density field environment. The high velocity dispersions as-
sociated with clusters make mergers between satellite galax-
ies a rare occurrence (Merritt 1985; Delahaye et al. 2017). It
is therefore possible to use the cluster environment as a lab-
oratory to test the currently favoured suggestion that minor
mergers dominate the size growth of massive galaxies. Since
minor mergers are expected to increase galaxy size more
than they do stellar mass, the most direct way to test this
is to measure the stellar mass-size relations in both environ-
ments at fixed redshift and compare them to see if there is a
significant offset in size. This simple approach does not take
into account other sub-dominant cluster-specific processes
that may also alter the sizes and size distribution of cluster
galaxies such as accelerated quenching, galaxy harassment
(nearby high-speed encounters between satellite galaxies in
clusters e.g. Moore et al. 1996, 1998) and mergers with the
Brightest Cluster Galaxy (BCG) that would remove galaxies
from the sample. In this simple scenario, if the predictions
of minor mergers driving galaxy size growth are true, cluster
galaxies should find themselves inhibited from size growth
and will therefore be significantly smaller than field galaxies
at fixed redshift.
Previous works that have attempted to do this find a
range of results, making physical interpretation difficult. At
low redshifts (z < 0.2), Weinmann et al. (2009), Maltby
et al. (2010), Ferna´ndez-Lorenzo et al. (2013) and Cappel-
lari (2013) find the stellar mass-size relation of early-type
galaxies to differ by 6 20% with environment, explicitly stat-
ing their results are not significant. Huertas-Company et al.
(2013a,b) find that this difference has to be < 30 − 40%, in-
line with the errors on their size measurements. All these
works state their measurements are consistent with no size
difference being present for early-type galaxies with environ-
ment. Similarly, Poggianti et al. (2013) found that old com-
pact early-type galaxies are approximately 6 33% smaller
in clusters compared to the field. Cebria´n & Trujillo (2014)
find a much smaller difference of early-type cluster galax-
ies being ∼3.5% smaller than their field counterparts, but at
high statistical significance (> 4σ). Late-type galaxies are
more often found to be smaller in clusters. Weinmann et al.
(2009), Maltby et al. (2010) and Ferna´ndez-Lorenzo et al.
(2013) find them to be smaller in clusters by > 15%, with
the latter two studies claiming statistically significant re-
sults. Cebria´n & Trujillo (2014) also find late-type galaxies
to be smaller in clusters at high statistical significance, but
by a much smaller amount (∼7.5%). At intermediate to high
redshifts (z > 0.2), Cooper et al. (2012), Papovich et al.
(2012b), Bassett et al. (2013), Lani et al. (2013), Delaye
et al. (2014), Chan et al. (2018) and Andreon (2018) find
early-type galaxies to be larger in clusters by > 24%. Ret-
tura et al. (2010), Newman et al. (2014), Sweet et al. (2017)
and Morishita et al. (2017) however find early-type galaxies
to differ in size by < 20% between environments, consistent
with no size difference. On the other hand, Valentinuzzi et al.
(2010a,b) find cluster galaxies to be smaller than field galax-
ies by ∼25%. A summary of cluster versus field mass-size re-
lation measurements (since 2009) for quiescent galaxies can
be found in Appendix A.
The biggest challenge that comparative studies of the
stellar mass-size relation with environment face is the task
of minimising systematics between measurements made from
different samples. It is often the case that field and cluster
datasets were taken with different instruments, using dif-
ferent filters and analysed using different techniques. It is
imperative to compare galaxy sizes at the same rest-frame
wavelength, since aspects such as colour gradients across
galaxies can vary differently in different rest-frames, altering
size measurements. High redshift studies face the added dif-
ficulty of obtaining statistically significant sample sizes with
high enough signal-to-noise ratio and resolution to measure
galaxy sizes reliably.
In this work, we attempt to test the hypothesis that
minor mergers drive the majority of galaxy size growth by
comparing the stellar mass-size relations in the cluster and
field environments at z ∼ 1. We aim to overcome shortcom-
ings and challenges faced by previous studies in a number of
ways. Firstly, we use the largest spectroscopically-confirmed
sample of star-forming and quiescent cluster galaxies at
z ∼ 1 to date. Secondly, we purposefully conduct observa-
tions and data reduction in an analogous fashion to the 3D-
HST/CANDELS survey, which forms our comparative field
sample. Finally, we use data with high enough signal-to-noise
ratio and resolution obtained using the Wide Field Camera
3 (WFC3) on the Hubble Space Telescope (HST) to measure
galaxy sizes reliably.
This paper is organised as follows. In Section 2 we de-
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scribe our cluster and field samples, our size determination
method and the calculation of our stellar masses. We then
go on to explain how our final sample for this compara-
tive study is selected. In Section 3, we present our findings
on the precision and accuracy of grism-derived redshifts in
helping to boost our cluster sample size. We then present the
cluster mass-size relation at z ∼ 1 and investigate its offset
with the field relation in Section 4. In Section 5 we explore
whether differences in morphological composition drive the
differences in the stellar mass-size relation between the two
environments. In Section 6, we investigate how the distinct
location of a BCG at the bottom of the cluster potential
well can help constrain the dominant physical process driv-
ing galaxy evolution in clusters. Finally, we summarise our
findings in Section 7.
All magnitudes quoted are in the AB system and we
assume a ΛCDM cosmology with Ωm = 0.307, ΩΛ = 0.693
and H0 = 67.7 kms−1 Mpc−1 (Planck Collaboration XIII
2016).
2 METHODOLOGY
2.1 Data
2.1.1 Cluster sample
Our cluster sample consists of 10 massive clusters in the red-
shift range 0.86 < z < 1.34 (see Table 1). These were selected
from the 42 square degree Spitzer Adaptation of the Red-
sequence Cluster Survey (SpARCS, see Muzzin et al. 2009;
Wilson et al. 2009 and Demarco et al. 2010) for spectro-
scopic follow-up, as part of the Gemini Cluster Astrophysics
Spectroscopic Survey (GCLASS, see Muzzin et al. 2012 and
van der Burg et al. 2013). Clusters in the SpARCS survey
were selected with the red-sequence method (Gladders & Yee
2000) using the z′ - 3.6µm colour to sample the 4000A˚ break
(see Muzzin et al. 2008). The 10 clusters selected as part
of GCLASS have extensive optical spectroscopy, obtained
using the Gemini Multi-Object Spectrographs (GMOS) on
both Gemini-South and -North. Out of 1282 galaxies that
obtained a spectroscopic redshift, 457 were identified as clus-
ter members. All 10 clusters also have 11-band photometry
(ugrizJKs, 3.6µm, 4.5µm, 5.8µm, 8.0µm), details of which
can be found in Appendix A of van der Burg et al. (2013).
An additional band of photometry in F140W is now also
available as part of the HST data the study in this paper is
based on.
2.1.2 HST observations
We obtained HST WFC3 F140W imaging and G141
grism follow-up in a Cycle 22 program (GO-13845;
PI Muzzin), dedicated to obtaining spatially resolved
Hα maps of the star-forming cluster members. The
F140W filter spans the wide JH wavelength range
(12003 < λ / A˚ < 15843). The G141 grism covers a wave-
length range of 10750 < λ / A˚ < 17000, and therefore con-
tains the Hα emission line between 0.7 < z < 1.5. It provides
a spatially resolved spectrum for every object in the field of
view, with a resolving power of R ∼ 130.
Data for 9 of the 10 clusters are taken with a 1 × 2 or
2 × 1 mosaic of WFC3 pointings with a random orient. For
the 10th cluster, SpARCS-1047 (see Table 1), data is taken
with a single pointing at the centre of the cluster. All clus-
ters are observed to a 2-orbit depth, with ∼90% of this time
spent on grism spectroscopy and ∼10% on direct imaging
with the F140W filter. The exposure time in F140W for 9
of the 10 clusters is ∼800 seconds, with a 5σ F140W limit-
ing magnitude for galaxies of ∼26.6. The exception to this is
SpARCS-0035, which has varying depth, ranging from ∼800
to ∼7460 seconds1. All mosaics are centered on the cluster
core and cover ∼ 8 arcmin2 for each cluster. This coincides
with approximately a quarter of the GMOS observing area,
which covered 35 arcmin2 per cluster. For all of the GCLASS
clusters, the HST imaging covers most if not all of the area
within R500. Four of the GCLASS clusters (SpARCS-0035,
SpARCS-1616, SpARCS-1634 and SpARCS-1638; See Ta-
ble 1) have imaging going out to ∼ R200. Nevertheless, the
spectroscopic density is highest in the core, leading to a
far greater overlap with spectroscopically confirmed cluster
members. 392 of the 457 spectroscopically confirmed cluster
members from GCLASS are in the HST fields-of-view (see
Table 1). Figure 1 shows the F140W and G141 images for
one of the GCLASS clusters for illustration.
2.1.3 Data reduction
The F140W imaging consists of 20 SPARS50 readouts per
cluster with a native pixel scale of 0.12′′ per orbit. These are
reduced using the same data reduction process as for 3D-
HST (Brammer et al. 2012; Momcheva et al. 2016), which
forms our field sample (see Section 2.1.5). In summary, the
standard calibrated data products from the HST archive are
used with reduction pipelines to flag bad pixels, subtract bias
structure, dark current and apply flat-field corrections. The
MultiDrizzle software is then used to identify cosmic rays
and hot pixels missed by these pipelines. The PyRAF rou-
tine tweakshifts is used to adjust the mosaics for dither
offsets and the World Coordinate System (WCS) coordi-
nates are subsequently refined to match the locations of
objects on the mosaics. To subtract the sky background,
a second-order polynomial fit is subtracted from each ex-
posure after masking objects detected in the MultiDrizzle
mosaics, and mapped back to the original frame using the
PyRAF routine blot. This entire process is explained in
detail in Brammer et al. (2012), and leads to undistorted,
sky-subtracted F140W mosaics with a pixel scale of 0.06′′.
The MultiDrizzle process also outputs weight maps for
each mosaic. These provide values for the inverse variance
at each pixel, making them integral to the noise estimation
process when determining the sizes of cluster galaxies (see
Section 2.3.2).
2.1.4 Grism spectra contamination
One of the major concerns regarding grism data for high-
density fields such as clusters is the contamination rate. Our
primary criterion for evaluating contamination is anything
1 This cluster is being used for The Supernova Cosmology Project
“See Change” program, details of which can be found in Rubin
et al. (2017). As a result, this cluster’s observations were deeper,
with pointings of different orientations overlapping each other.
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Table 1. The ten GCLASS clusters used in this study. For full names of the clusters, we refer to Muzzin et al. (2012). R200 is the radius
at which the mean interior density is 200 times the critical density of the Universe. M200 is the mass enclosed within this radius. σv is
the line-of-sight velocity dispersion (see Biviano et al. 2016). Note: The numbers listed in the last three columns indicate total numbers
before / after quality checks relevant to this study are applied.
Name zspec M200 R200 σv Spec-z Members Grism-z Total Members
[1014M] [kpc] [km s−1] in HST FOV Members in HST FOV
SpARCS-0034 0.867 2.0 ± 0.8 888 ± 110 609+75−66 37/33 17/16 54/49
SpARCS-0035 1.335 5 ± 2 977 ± 154 941+159−137 22/22 26/18 48/40
SpARCS-0036 0.869 5 ± 2 1230 ± 129 911+99−90 43/41 31/30 74/71
SpARCS-0215 1.004 3 ± 1 953 ± 103 758+85−77 42/40 32/28 74/68
SpARCS-1047 0.956 3 ± 1 926 ± 138 680+98−86 22/19 15/14 37/33
SpARCS-1051 1.035 1.2 ± 0.5 705 ± 102 530+73−65 34/32 11/10 45/42
SpARCS-1613 0.871 13 ± 3 1663 ± 130 1232+100−93 73/65 41/25 114/90
SpARCS-1616 1.156 3 ± 1 854 ± 107 701+81−73 38/35 19/17 57/52
SpARCS-1634 1.177 4 ± 2 1008 ± 131 835+91−82 38/34 15/15 53/49
SpARCS-1638 1.196 1.9 ± 0.9 769 ± 117 585+73−65 26/23 13/9 39/32
1500
F140W image G141 image
Figure 1. HST WFC3 data for SpARCS-1047 (see Table 1). Left: F140W image. Right: G141 grism spectra. Spatial scale of the F140W
image is shown with a black bar in the bottom right-hand corner of the left panel. The colourmap is logarithmic. The grism provides a
spatially resolved spectrum for every object in the field of view. For this particular cluster, 30% of grism-selected cluster members were
too contaminated to use (see Section 2.1.4 for contamination criteria).
that inhibits the ability to obtain an accurately measured
redshift from the grism spectrum. Therefore, a grism spec-
trum is considered unusable if one or more of the following
criteria are true:
(i) Less than half of the grism spectrum is available in
a region where prominent emission/absorption lines are ab-
sent.
(ii) The grism spectrum of a brighter close-by object over-
laps with the grism spectrum of interest to such an extent
that the data reduction process could not successfully re-
move the contamination.
(iii) The grism spectrum has a very low signal-to-noise
ratio such that no prominent emission/absorption lines can
be detected. This is often the case for galaxies with F140W
magnitude > 25.
We checked all the grism spectra by eye for galaxies with-
out a spectroscopic redshift from GMOS, but with a grism
redshift measurement placing them in the cluster. Approx-
imately 35% of grism-selected cluster members (see Sec-
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tion 3) were too contaminated to use. 2% of these contami-
nated grism spectra were unusable due to the galaxy being
too close to the edge of the field-of-view, leaving less than
half a grism spectrum available.
2.1.5 Field sample
The HST observations for GCLASS are purposely conducted
in an analagous fashion to the 3D-HST survey to allow for
the most straightforward comparison between galaxies in
field and cluster environments. The 3D-HST survey is a 248-
orbit near-infrared spectroscopic treasury program, covering
three quarters of the CANDELS treasury survey area with
2 orbits of WFC3 and G141 grism coverage (Brammer et al.
2012). It obtained rest-frame optical spectra for galaxies be-
tween 0.7 < z < 3.5 (Brammer et al. 2012; Momcheva et al.
2016). 3D-HST has obtained ∼100, 000 galaxy redshift mea-
surements of which ∼10, 000 reside in a redshift range rel-
evant to our work (Momcheva et al. 2016). In this study,
we use the structural parameters for all galaxies measured
by the 3D-HST team within the same redshift range as the
GCLASS clusters (0.86 < z < 1.34), derived from the CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011) F160W
images for the COSMOS, UDS, GOODS-S, GOODS-N and
AEGIS fields in van der Wel et al. (2012).
Furthermore, we apply our size determination method
for the GCLASS clusters to the CANDELS-COSMOS
F160W mosaic2. This is done to ensure comparable sizes
are achieved with those in van der Wel et al. (2012), con-
firming the reliability of our method (see Appendix C for
further discussion).
2.2 Redshifts & stellar masses
Part of obtaining a robust measurement of the stellar mass-
size relation depends heavily upon reliably estimated stellar
masses from fitting multi-wavelength Spectral Energy Dis-
tributions (SEDs) to the photometry. Once again, to min-
imise systematics between measurements from the cluster
and field samples, we use the same method for the clusters
as used for 3D-HST.
Photometric redshifts for all galaxies in the GCLASS
mosaics are estimated using the EAZY code (Brammer et al.
2008). These are primarily used as a comparison to our spec-
troscopic and grism-derived redshifts (see Section 3). They
are not used for any quantitative measurements regarding
the cluster mass-size relation in this study. The spectroscopic
redshifts in this study were obtained with GMOS as part of
the GCLASS survey (see Section 2.1.1). The grism redshifts
are derived from fitting the SEDs with the grism spectra
2 The CANDELS-COSMOS F160W mosaic (as well as the other
CANDELS F160W images) is deeper than the GCLASS F140W
mosaics. Therefore, there is a possibility that sizes measured
from the CANDELS-COSMOS F160W mosaic are systematically
larger due to a higher signal-to-noise ratio than the GCLASS
F140W mosaics. We ran our size determination method on the
3D-HST COSMOS F140W mosaic which has the same depth
as the GCLASS F140W mosaics. We compared our F160W and
F140W sizes for the same set of galaxies in COSMOS, finding in
fact a systematic towards larger sizes in the 3D-HST COSMOS
F140W mosaic (see Appendix D for more details).
obtained with the G141 grism on the HST WFC3. The P(z)
obtained from the EAZY run for each galaxy is used as a
prior to obtaining the grism redshift measurement.
Stellar masses are estimated using the FAST code
(Kriek et al. 2009). Once the final selection of cluster
members are made for this study using grism redshifts
(see Section 2.4), stellar masses for the cluster members
are estimated with their redshifts fixed to the spectro-
scopic redshift of their respective cluster. We use the expo-
nentially declining star formation history parameterisation,
SFR ∝ e−t/τ , where τ can range between 10 Myr and 10
Gyr and 0 < AV < 4. A Chabrier (2003) Initial Mass Func-
tion (IMF) is assumed, as well as solar metallicity and the
Calzetti et al. (2000) dust law.
Stellar masses for 3D-HST were estimated in exactly
the same way as for GCLASS (with redshifts fixed to their
spectroscopic redshifts or photometric redshifts when spec-
troscopic redshifts were not available), except that the al-
lowed minimum value for τ was set to 40 Myr as opposed to
10 Myr (Skelton et al. 2014).
The final stellar masses for both 3D-HST and GCLASS
are corrected for the difference between the total F160W (or
F140W) flux from the photometric catalogue and the total
F160W (or F140W) flux as measured by GALFIT. This is
done to ensure both stellar mass and size measurements are
based on the same model for the galaxy light profile.
2.3 Size determination
In this section we describe our methodology for measuring
sizes and how we treat systematics at each stage. Our size
determination method very closely follows the method used
by van der Wel et al. (2012) for 3D-HST. Our size deter-
mination process is first tested on the CANDELS-COSMOS
F160W mosaic2 from the field sample. Our results are then
compared to published results from van der Wel et al. (2012)
in order to verify the reliability of our method (see Ap-
pendix C). Using the same size determination method for
both cluster and field is plausible given our data. This is
because there is negligible crowding of sources in the clus-
ter mosaics compared to the field mosaics and the surface
brightness of the intra-cluster light (ICL) is very low for the
clusters.
2.3.1 Source detection
SExtractor v2.19.5 (Bertin & Arnouts 1996) is used to
identify objects in the GCLASS F140W and CANDELS-
COSMOS F160W mosaics. The SExtractor set-up for
GCLASS is standard, details of which can be found in Ap-
pendix B. For COSMOS we use the method described in
Appendix A of Galametz et al. (2016). In summary, this
method runs SExtractor in a “hot” and “cold” mode sepa-
rately, optimised for detecting faint and bright sources re-
spectively. The two separate catalogues are then combined,
ensuring no repeat detections. This method minimises the
chances that a galaxy is split into mutliple objects as well as
ensuring neighbouring galaxies are deblended adequately.
MNRAS 000, 1–22 (2018)
6 Matharu et al.
2.3.2 Noise estimation
We construct noise maps for the GCLASS images and
CANDELS-COSMOS mosaic in the same way noise maps
were constructed in van der Wel et al. (2012). These consist
of a background noise estimate plus the Poisson noise from
the sources themselves. The SExtractor segmentation maps
are used in conjunction with the drizzled weight images from
the data reduction process (see Section 2.1.3) to select all
the pixels that are not occupied by sources or detector de-
fects. The root-mean-square value of the background pixels
for each image is our estimate for the background noise per
pixel in electrons s−1. The Poisson noise from the sources
is calculated using the exposure time maps and science im-
ages. The units of the science image pixels are converted
to electrons before the Poisson noise is calculated. We then
convert this back to electrons s−1 and add this to our back-
ground noise map. The exception to this method of noise es-
timation is SpARCS-0035. Due to this cluster’s non-trivial
mosaic1 – leading to heterogeneous noise properties – the
noise estimation is calculated using the weight image, where
the noise, σ = 1/√weight at each pixel in electrons s−1. This
noise estimation is usually an underestimation, since it does
not include the Poisson term from the sources. In practice,
this only becomes a problem for the brightest sources which
are in a minority. Furthermore, ICL levels for the GCLASS
clusters are very low. Consequently, they do not have a large
affect on background measurements made by GALFIT.
2.3.3 Structural parameters with GALFIT
Rather than opting to use the GALAPAGOS package (Bar-
den et al. 2012) to measure the sizes of our cluster and field
galaxies, we built our own GALFIT wrapper to have bet-
ter control over the size determination process. This allowed
us to test systematics between the cluster and field data
and deal with them individually. This custom built wrap-
per is run on both the GCLASS and CANDELS-COSMOS
mosaics. It is run and tested on the CANDELS-COSMOS
mosaic first, to ensure comparable half-light radii to those
in van der Wel et al. (2012) are measured. GALFIT is a fit-
ting algorithm that fits two-dimensional analytic functions
to light profiles in an image (Peng et al. 2002, 2010). As was
done in van der Wel et al. (2012), we fit all galaxies with a
single-component Se´rsic profile, defined as:
I(r) = I(re) exp
[
−κ
((
r
re
) 1
n − 1
)]
(1)
where re is the half-light radius. This is the radius within
which half of the galaxy’s total flux is emitted3. n is the
Se´rsic index and κ is an n-dependent parameter. I(re) is the
intensity at the half-light radius.
Along with the mosaics and noise maps, GALFIT re-
quires a point-spread function (PSF) as an input. The PSF
accounts for the smearing of images due to the resolution
limit of WFC3. The PSFs used in this work are stars pre-
selected from the GCLASS and CANDELS-COSMOS mo-
saics under the following criteria: the star must have SEx-
3 In our study, the half-light radii measurements are not circu-
larised.
tractor 15 < MAG AUTO < 19 and no other sources present
near it within a 70 × 70 pixel cutout. The presence of other
sources is also checked 5 pixels beyond the cutout bound-
ary, to ensure their light does not contribute to the PSF
cutout. The reason for this magnitude range is based on
preliminary fitting tests, where we found using a star with
a magnitude fainter than 19 resulted in poor residuals after
subtracting the best-fit model. The cutout dimensions are
chosen to encompass the diffraction wings of the star and
an adequate amount of sky background. For each galaxy fit,
the PSF used from this pre-selected list is the star closest
to the galaxy in question in terms of its pixel coordinates
on the mosaic. This is done to minimise systematics arising
from variations in the PSF across the mosaic.
The GALFIT wrapper will then find all the sources in
each cutout and their SExtractor catalogued information.
SExtractor values for pixel coordinates, magnitude, re, n,
axis ratio and position angle are used as initial guesses for
every source in the cutout field of view. Every fitting run
fits all the sources present in the cutout field-of-view simul-
taneously. The target galaxy is always the source positioned
at the centre of the cutout. We run GALFIT twice for each
galaxy fit. The first run keeps all parameters free, with a
square fitting region that has a side-length equal to 104 times
the SExtractor half-light radius (FLUX RADIUS) of the galaxy
in pixels. The purpose of this run is to obtain refined val-
ues for the galaxy shape parameters (pixel coordinates, axis
ratio and position angle). The second run uses these refined
values, but keeps them fixed in the fit, with a square fitting
region that has a side-length equal to 15 times the SExtrac-
tor half-light radius (FLUX RADIUS) of the galaxy in pixels5.
The parameters left free are magnitude, re and n. Although
this increases the computational time spent per fit, it vastly
improves our size agreement on COSMOS with van der Wel
et al. (2012). This is likely due to the tendency of GAL-
FIT to find the local solution to the parameter estimation.
The GALFIT initial values for the shape parameters will
be closer to the global solution than the SExtractor values.
Hence this two-GALFIT-run approach forces the final fit
parameter values closer to the global solution. The level of
agreement on COSMOS between the half-light radii mea-
sured in this work and van der Wel et al. (2012) is discussed
in Appendix C. In general, we find that there were no sys-
tematics present between the two sets of measurements, with
a mean offset of 0.28%. Our sizes are smaller by this amount.
For both GALFIT runs, we keep the sky a free parameter
to be fit. We fit every source in the CANDELS-COSMOS
and GCLASS mosaics with this procedure, and later filter
for the samples required for the mass-size relation study (see
Section 2.4).
Approximately 8, 000 galaxies are fit with minimal resid-
uals in the cluster fields-of-view. We show a subset of fits for
4 This cutout size was chosen to ensure that no more than 110
objects were present in a single cutout, since GALFIT can only
fit a maximum of 110 objects in one go (van der Wel et al. 2012).
5 We understand that this cutout size may be too small for the
largest of galaxies in the cluster sample, such as the BCGs. We
therefore re-fit the BCGs with larger cutouts (∼100 × 100 kpc),
finding that the resulting sizes did not change the results pre-
sented in this paper.
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Figure 2. Example Se´rsic profile fits with our GALFIT wrapper
for a selection of cluster member galaxies spanning the entire
range in Se´rsic index for the cluster sample. First column lists the
Se´rsic index and half-light radius measurements for the galaxy,
along with the dimensions of the thumbnails. Second, third and
fourth columns show the galaxy, model and residual thumbnails
for each fit. The colourmap used is logarithmic in scale.
cluster members in Figure 2, demonstrating the wide range
of shape profiles our GALFIT wrapper can cope with.
2.3.4 Quality check criteria for GALFIT results
Since the reduced chi-squared results of each GALFIT fit are
not necessarily informative on the goodness of fit, we decide
to quality check every fit by eye. A GALFIT fit was deemed
unusable if one or more of the following criteria are true:
(i) The GALFIT Se´rsic model is more extended than the
galaxy, leading to over-subtraction.
(ii) The position angle of the GALFIT Se´rsic model does
not match the position angle of the galaxy.
(iii) The shape of the GALFIT Se´rsic model is distinctly
different to the galaxy.
(iv) GALFIT fails to create a Se´rsic model.
Any one of these criteria leads to poor residuals and
therefore a rejection of fits from the final sample.
2.4 Sample selection
When selecting samples of galaxies from both high and low
density environments, we need to make sure that they are at
comparable redshifts and that the galaxies we are selecting
from the clusters are indeed cluster members. In this section,
we explain in detail how we selected galaxies from both en-
vironments so that measurements based on both samples
could be compared directly.
As explained throughout Section 2.3, our entire size
determination method was first tested on the F160W
CANDELS-COSMOS mosaic to ensure it produced compa-
rable sizes to those in van der Wel et al. (2012). Once this
was achieved, we could be confident that our size determi-
nation method would produce comparable sizes for the rest
of the galaxies in the F160W CANDELS fields. This testing
run of our size determination method also allowed us to de-
termine its limits. We find that galaxies in a relevant redshift
range to our study (0.86 < z < 1.34) with a half-light radius
measurement from GALFIT of Re f f > 50 kpc or F160W
magnitude > 25 exhibit the largest disagreements in size
with van der Wel et al. (2012). This divergence in disagree-
ment is driven by increasingly lower signal-to-noise ratio be-
yond these size and magnitude limits (see Appendix C). As
a result, when we select galaxies from the entirety of the 3D-
HST survey, we select those galaxies that are below these size
and magnitude thresholds based on measurements made by
van der Wel et al. (2012). We also only choose those measure-
ments that have a flag value of 0 (signifies reliable GALFIT
results) according to the van der Wel et al. (2012) catalogue.
This gives a sample of 12, 501 field galaxies. We then apply
the GCLASS mass completeness limits (see Section 2.4.1) to
this sample, reducing it to 3, 205 galaxies.
The same magnitude and size limits for reliable size
measurements that were found when testing the size deter-
mination method on the F160W CANDELS-COSMOS mo-
saic are used for the GCLASS measurements as well. Then
within these limits for GCLASS, all the spectroscopically
confirmed cluster members with GMOS that have good qual-
ity spectra and GALFIT residuals are selected as part of the
cluster sample. This amounts to 344 galaxies. This number is
smaller than the total amount of spectroscopically confirmed
cluster members with GMOS (457) because the HST fields-
of-view are smaller than those of GMOS. The HST fields-of-
view cover ∼86% of the spectroscopically confirmed cluster
members (see Section 2.1.2). Additionally, not all spectro-
scopically confirmed cluster members obtained reliable size
measurements (see Table 1) due to poor Se´rsic profile fits
with GALFIT. The G141 grism data is used in conjunction
with all the galaxies that obtained a spectroscopic redshift
with GMOS, to determine a selection threshold on grism
redshifts, zgrism by which additional cluster members can
be identified from the grism sample (for more details on
this, see Section 3). The entire grism sample is first quality-
checked by eye. This procedure adds 177 cluster members
to the 344 spectroscopically confirmed cluster members. Fi-
nally, cluster members that were flagged as “low confidence”
due to poor quality spectroscopic redshifts are checked for
good quality grism redshifts consistent with their respective
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Figure 3. Left: Rest frame U −V versus V − J colour-colour diagram for the spectroscopically confirmed cluster sample. Middle: Rest
frame U −V versus V − J colour-colour diagram for the grism-selected cluster sample. Right: Rest frame U −V versus V − J colour-colour
diagram for the final cluster sample. Numbers in the bottom left-hand corner of each panel indicate the sample size. The red line shows
the dividing line, modified from Williams et al. (2009), to define the quiescent and star-forming populations. Note: Grism sample includes
the 5 cluster members with poor quality GMOS spectra, but good quality grism spectra (see Section 2.4).
cluster redshifts. This adds 5 more cluster members to the
sample. The grism data therefore leads to an addition of
182 cluster members to the 344 spectroscopically confirmed
cluster member sample. In total, the final cluster sample
amounts to 526 galaxies. A cluster-by-cluster breakdown of
the spectroscopic and grism samples can be seen in Table 1.
A summary of this sample selection can be seen in Figure 3.
Finally, the cluster sample is reduced to 474 galaxies after
the GCLASS mass completeness limits are applied to the
sample.
2.4.1 Mass completeness limits
The GCLASS mass completeness limits are set to match
the grism spectroscopic completeness limits of the final clus-
ter member sample. Every galaxy in the final cluster mem-
ber sample (reliable grism spectra, F140W magnitude < 25
and Re f f < 50 kpc) has a good quality grism spectrum
from which reliable grism redshifts are calculated, confirm-
ing their cluster membership (see Section 3 for more de-
tails). The GCLASS mass completeness limits are calculated
for the star-forming and quiescent cluster galaxies in the fi-
nal cluster member sample separately, using the following
method: the luminosity distances and absolute magnitudes
of all cluster galaxies are calculated. Stellar mass-to-light ra-
tios for all cluster galaxies are then calculated. The cluster
galaxy with the highest mass-to-light ratio is found. This
galaxy is the spectroscopically confirmed (either spectro-
scopic or grism) cluster galaxy for which the most stellar
mass is measured for the least amount of flux. Then, the
faintest galaxy with a spectroscopic or grism redshift in the
sample is found. We then calculate what stellar mass this
cluster galaxy would have, if it had a mass-to-light ratio cor-
responding to the highest value measured in the sample. This
provides us with the lowest stellar mass for which a reliable
grism spectrum can be obtained. We find mass completeness
limits of log(M∗/M) = 9.96 and log(M∗/M) = 9.60 for qui-
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Figure 4. Alteration of the field redshift distribution, such that
it follows the shape of the cluster redshift distribution. The orig-
inal field sample (light grey histogram) contains more galaxies
in every redshift bin compared to the cluster sample (dark grey
histogram). The bin with the largest number of galaxies in the
cluster sample (first bin) is used to work out its height ratio with
the corresponding bin in the field. The heights of all the other
cluster bins are scaled up using this ratio, leading to the distri-
bution shown in pink.
escent and star-forming cluster galaxies, respectively. These
mass completeness limits are comparable to those calculated
by van der Burg et al. (2013) for the GCLASS clusters using
ground-based K-band data. The limits used in our study are
deeper due to the increased depth of the F140W imaging in
comparison to the ground-based K-band data.
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2.4.2 Redshift distribution matching
After the mass completeness limits have been applied to
the field sample, we draw 1000 random field samples in a
bootstrap-like method that follow the same redshift distri-
bution as the cluster sample. This is done in the following
way: histograms of the cluster and field sample redshifts are
plotted with the same redshift bins. Since there are more
galaxies in the field sample, each bin in the field sample
contains more galaxies than the same bin in the cluster sam-
ple. We take the bin with the largest number of galaxies in
the cluster sample and calculate its normalisation with the
corresponding field sample bin. This provides us with a fac-
tor with which we can multiply the height of all the cluster
sample bins, and this establishes how many field galaxies
should populate each bin. As a result, a distribution of field
galaxy redshifts is obtained that matches the shape of the
cluster distribution exactly. Figure 4 more clearly illustrates
this process. Field galaxies are then randomly selected 1000
times within each of these redshift bins. The total number
of field galaxies selected per bin corresponds to the height
of each pink redshift bin shown in Figure 4. The result is
1000 different field samples, each containing 799 galaxies
with the same mean redshift as the cluster sample. This al-
teration in the field redshift distribution is needed because
when we select 3D-HST CANDELS galaxies in the redshift
range 0.86 < z < 1.34, the median z is 1.09, however, the
median redshift of the cluster distribution is z = 1.00. This
difference is large enough to introduce a systematic in our
size offset measurements in Section 4 of order our uncer-
tainties (up to 0.03 dex for quiescent galaxies and up to
0.01 dex for star-forming galaxies) (van der Wel et al. 2014).
Consequently, many field samples are required to measure
reliable size offsets with the cluster sample since the mass-
size distributions can vary between field samples. This leads
to variations in the field relations that are fit, from which
size offsets are measured (see Section 4 for more details).
2.4.3 Rest-frame colours
EAZY (Brammer et al. 2008) is used to interpolate the in-
put SED to obtain the U−V and V − J rest-frame colours for
each galaxy (van der Burg et al. 2013). This UVJ colour sep-
aration for star-forming and quiescent populations has been
shown to be a powerful technique in separating the two pop-
ulations, even if the former is reddened by dust extinction
(Wuyts et al. 2007; Williams et al. 2009; Patel et al. 2012).
This method is also used on the field sample. The divid-
ing line used for the field sample is an interpolation of the
lines defined in Williams et al. (2009) for 0.5 < z < 1.0 and
1.0 < z < 2.0. Quiescent field galaxies are defined as
(U − V)rest > 1.3, (V − J)rest < 1.6 (2)
and
(U − V)rest > 0.88 (V − J)rest + 0.54 (3)
We modify this dividing line for GCLASS to fit our rest-
frame colour distribution. This is the red line shown in Fig-
ure 3, with quiescent cluster galaxies defined as
(U − V)rest > 1.44, (V − J)rest < 1.57 (4)
and
(U − V)rest > 0.81 (V − J)rest + 0.73 (5)
An example quiescent, star-forming, green (close to
where Equation 5 becomes an equality) and Brightest Clus-
ter Galaxy (BCG) from the GCLASS spectroscopic sample
are shown in Figure 5 with their accompanying grism data
and measurements. The second column shows the full SEDs
from the 12-band photometry. The grey dotted rectangles in
these plots show the location of the grism spectra with re-
spect to the SEDs. A zoom-in of these regions is seen in the
third column, with data points from the raw one-dimensional
grism spectra. The final column shows the redshift probabil-
ity distributions based on fitting the two-dimensional grism
spectra (see Figure 1) and the 12-band photometry simul-
taneously (see Section 2.1.1 for more details). This is done
using a modified version of the EAZY code (Brammer et al.
2008). The extensive photometric coverage for GCLASS pro-
duces improved fits to the SEDs and grism spectra. The level
of improvement is best seen in the almost one-to-one agree-
ment with the spectroscopic and grism redshifts in the red-
shift probability distributions. What is perhaps more strik-
ing is the improvement in redshift estimates between the
photometrically derived redshifts, zphot and the grism red-
shifts, zgrism. In Section 3, we will demonstrate how this
improved level of accuracy on redshift estimates is utilised
to increase our cluster membership sample.
3 THE PRECISION & ACCURACY OF GRISM
REDSHIFTS
We take all the galaxies in the GCLASS HST fields-of-
view that have reliable spectroscopic and grism redshifts
and compare their redshift measurements from photome-
try (zphot), spectroscopy (zspec) and grism spectroscopy
(zgrism) to their respective cluster redshifts, zcluster . We
do this to determine a selection threshold by which cluster
members can be identified from the sample of galaxies that
did not obtain a spectroscopic redshift with GMOS, but did
obtain a grism redshift. To do this, we use the following ter-
minology that was first introduced in van der Burg et al.
(2013). A “false positive” is a galaxy that is not part of the
cluster by virtue of its zspec , but has a zphot or zgrism consis-
tent with the cluster redshift. A “false negative” is a galaxy
that belongs to the cluster due to its zspec measurement,
but has a zphot or zgrism placing it outside the cluster. “se-
cure cluster” galaxies are those which are classified as being
part of the cluster by virtue of both their zspec and zphot
or zgrism. “secure field” galaxies are consistent with being
outside the cluster due to their zspec and zphot or zgrism
measurements. A clearer representation of this can be seen
in Figure 6. The top row shows the comparison between
zphot and zgrism measurements for quiescent galaxies with
good quality zspec measurements. The bottom row shows
the same, but for star-forming galaxies. The quiescent and
star-forming separation is done using the UVJ selection cri-
teria discussed in Section 2.4.3. What is immediately striking
is the tight clustering of green crosses in the central regions
of the zgrism vs. zspec comparison plots. These are all grism-
redshift selected cluster members with a spectroscopic red-
shift to support the reliability of their cluster membership.
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Figure 5. First column: cutouts from the GCLASS HST F140W mosaics of an example BCG, quiescent, star-forming and green cluster
galaxy that have been spectroscopically confirmed. Colourmap is logarithmic. Second column: Full SEDs of the galaxies from the 12-band
photometry. The dotted grey rectangle highlights the region in which the grism spectrum lies. Third column: A zoom-in of the regions
highlighted with dotted grey rectangles in the second column. Data points from the raw-one dimensional grism spectra are also shown
in grey. Black data points in both the second and third columns are from the 12-band photometry. Fourth column: redshift probability
distributions. Photometric redshift distributions are shown in blue, with the shaded region representing the 2σ range. Grism redshift
distributions are shown in black and red triangles show the location of the spectroscopic redshift.
Another noticeable feature is all the star-forming galaxies
that lie on an almost one-to-one correspondence line in the
zgrism vs. zspec comparison. This is another representation
of the excellent level of agreement between zspec and zgrism
measurements, attributed both to the Hα emission line that
is prevalent in star-forming galaxy grism spectra (see Fig-
ure 5) and the 12-band GCLASS photometry.
The black horizontal dotted lines represent the cluster
membership selection threshold used in van der Burg et al.
(2013) based on a zphot and zspec comparison. When com-
paring the plots in the first and second columns, it is clear
that there is no obvious selection threshold in the zphot
measurements by which cluster members can be reliably se-
lected. The van der Burg et al. (2013) selection threshold
of −0.05 < ∆z < 0.05 was selected due to its convenience
in producing a similar number of false positives and false
negatives. The higher precision of the grism redshift mea-
surements allow us to choose a selection threshold that is
much narrower, lying at −0.02 < ∆z < 0.02 (black dot-dashed
line). This increases the number of cluster members per clus-
ter by an average of 53% of the spectroscopic sample, due
to galaxies without a zspec measurement, but with a reli-
able zgrism measurement placing them inside their respec-
tive cluster (see Table 1). Our selection threshold has more
than a factor of 2 improvement over the one used in the
photometric cluster membership selection in van der Burg
et al. (2013). We have also listed the average difference be-
tween the zphot and zgrism measurements with the zspec
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Figure 6. Top row: comparison of spectroscopic redshift measurements (zspec) with photometric (left) and grism (right) redshift
measurements (zphot and zgr ism) for quiescent galaxies in the HST fields of view with reliable zspec and zgr ism measurements.
Bottom row: Same as the first row, but for star-forming galaxies. All comparisons are done relative to the spectroscopic redshift of the
cluster centre (in most cases the BCG), zcluster . Dotted black lines show the photometric redshift selection threshold from van der
Burg et al. (2013) used to select cluster members. The dot-dashed black lines show the grism redshift selection threshold chosen for this
work after comparing zspec and zgr ism measurements for this sample (second column). ∆z = |zphot − zspec | for the first column and
|zgr ism − zspec | for the second column. Values for ∆z1+zspec shown are the averages for the entire sample in that respective panel.
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measurements for each sample in Figure 6. The precision of
photometric and grism redshifts compared to spectroscopic
redshifts in kms−1 is 8400 and 2000 kms−1 respectively: a
factor of 4 improvement of grism redshifts over photomet-
ric redshifts. A factor of 3 and 7 improvement is seen for
quiescent and star-forming galaxies respectively. The frac-
tion of false negatives and false positives to secure cluster
members falls from 28% and 23% to 8% and 10%, a fac-
tor of ∼3 improvement in contamination. Due to these low
contamination rates, we do not perform corrections on our
grism-selected cluster membership sample like those that
were done on the photometric-selected cluster membership
sample in van der Burg et al. (2013).
It must be stressed that this impressive improvement
in precision and accuracy is due to the 12-band photom-
etry GCLASS possesses. Both photometric and grism red-
shift measurements rely on the SEDs since they are used in
both fitting processes. Therefore greater SED quality results
in increased measurement precision and accuracy for both
zphot and zgrism measurements. A larger number of photo-
metric bands — especially in the optical and near infra-red
— for a given wavelength range improve the quality of the
resulting SEDs from which photometric redshifts, grism red-
shifts and stellar masses are derived. Bezanson et al. (2016)
studied the accuracy of grism redshifts with respect to pho-
tometric redshifts for the 3D-HST survey. They found sim-
ilar values for the scatter in zphot vs. zspec and zphot vs.
zgrism (0.0159 ± 0.0005 and 0.0154 ± 0.0005), highlighting
that grism and spectroscopic redshifts are of equal qual-
ity relative to photometric redshifts. We also find similar
values (0.06 ± 0.06 and 0.07 ± 0.07) with overall values ∼4
times higher than those of 3D-HST. Given that our meth-
ods for deriving photometric redshifts and stellar masses are
near-to identical (see Section 2.2) and that our photome-
try spans the same wavelength range as for 3D-HST, the
one thing we do not have is a comparable number of pho-
tometric bands and signal-to-noise ratio. The five 3D-HST
fields (see Section 2.1.5) have photometry spanning between
18 (UDS) and 44 (COSMOS) bands, going deeper by 1–
3 magnitudes when comparing common photometric bands
between GCLASS (Appendix A of van der Burg et al. 2013)
and 3D-HST (Skelton et al. 2014). 3D-HST’s superior pho-
tometry allowed for better photometric and grism redshift
measurements compared to those for GCLASS.
Nevertheless, the GCLASS HST data has demonstrated
that grism redshift measurements derived from good quality
SEDs can be used to select samples of galaxies for cluster
membership that are ∼90% pure. Space-based grism slitless
spectroscopy – used in conjunction with photometry span-
ning multiple bands – therefore provides a unique alternative
to conventional spectroscopic surveys, especially when large
samples are required. JWST, WFIRST and Euclid will all
have grism capability, with part of their science goals dedi-
cated to studying high-redshift galaxies (Gardner et al. 2006;
Laureijs et al. 2011; Green et al. 2012). This technical result
demonstrates that grisms on future space-based telescopes
will be able to provide large samples of cluster galaxies with
high reliability.
4 THE CLUSTER VS. FIELD STELLAR
MASS-SIZE RELATION AT z ∼ 1
The high quality grism redshift measurements for GCLASS
provide us with the largest spectroscopically-confirmed sam-
ple of star-forming and quiescent cluster galaxies at z ∼ 1 for
which the stellar mass-size relation can be measured. By first
testing the reliability of our size determination method using
published results for the CANDELS-COSMOS F160W mo-
saic (see Appendix C), we have ensured our measurements
for the cluster sample will be robust. Figure 7 shows the
mass-size relation for the 10 GCLASS clusters in the left
panel, with the BCGs6 circled in grey. The solid black field
lines were calculated using the 1000 field samples (see Sec-
tion 2.4.2) in the following way: The stellar mass (corrected
for the difference in flux measurements, see Section 2.2)
and half-light radii measurements with uncertainties from
van der Wel et al. (2012) for the star-forming and quiescent
field galaxies in our 1000 field samples are used to fit for
straight lines in log space using the Bayesian method from
Kelly (2007). The star-forming and quiescent field relations
are fit separately for slope, intercept and intrinsic scatter
for each of the 1000 samples. The mean slope and intercept
value from these 1000 fits are used to calculate the final field
relations, shown in Figure 7. We choose this method of line-
fitting because we find that using simple orthogonal distance
regression does not produce field relations that pass through
the mean of the mass-size measurements used to fit the re-
lations. It is therefore apparent that a fitting method which
also fits for the intrinsic scatter is essential to producing re-
alistic field relations. When fitting, we only use star-forming
and quiescent field galaxies that meet the GCLASS mass
completeness limits and are within the stellar mass thresh-
olds used in the fitting process described in van der Wel
et al. (2014) (star-forming galaxies with M∗ > 3 × 109 M
and quiescent galaxies with M∗ > 2×1010 M). In an attempt
to follow the fitting method in van der Wel et al. (2014) as
closely as possible, we add an uncertainty of 0.15 dex in the
Log (Stellar Mass / M) measurements. For comparison, in
the right panel of Figure 7, we plot the stellar mass-size rela-
tion for one of the 1000 field samples for which the resulting
field relation fits were close to the final field relations.
We then compare the stellar mass-size measurements
for both the field and cluster samples more rigorously. We
measure the size offsets in log space from each of the 1000
field relations for each of the 1000 field samples. We also
measure the size offsets of the cluster sample from each of
these 1000 field relations. We then take the mean of each
size offset distribution. The difference between the field and
cluster mean size offsets is calculated for each of the 1000
field samples. The distribution of these differences in the
mean size offsets in log space for quiescent and star-forming
galaxies is shown in Figure 8. The reason we do not select
one field sample and measure size offsets from a single field
relation is because the field mass-size distribution varies be-
tween the 1000 field samples. As a result, the calculated field
relations vary. This is particularly important for calculating
the quiescent field relations. There are fewer quiescent galax-
ies compared to star-forming galaxies in the field samples
6 The BCGs were identified as the brightest cluster member in
the observer-frame Ks band (Lidman et al. 2012).
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Figure 7. Stellar mass-size relation for the GCLASS clusters (left panel) and for one of the 3D-HST field samples (right). Smaller blue
(larger red) circles show star-forming (quiescent) galaxies within the mass completeness limits of GCLASS. Re f f is the half-light radius
in kpc. GCLASS Brightest Cluster Galaxies (BCGs) are circled in grey. Solid black lines show the field relations at z ∼ 1 calculated using
results from van der Wel et al. (2012) (see text).
(evident in Figure 7). As a result, fewer galaxies are used to
fit for the quiescent field relations than for the star-forming
field relations. This leads to wider variations in the slope and
intercept values for the 1000 quiescent field relations com-
pared to the variations found for the 1000 star-forming field
relations. When we take the mean of all individual average
size offset differences measured between cluster and field,
we find that quiescent and star-forming cluster galaxies are
smaller than their field counterparts by (0.08±0.04) dex and
(0.07±0.01) dex respectively. The result for quiescent cluster
galaxies does not change significantly if we remove the BCGs
from the cluster sample. The magnitude of these size offsets,
particularly in the case of quiescent galaxies, is exactly what
we would expect from the minor-mergers hypothesis of size
growth advocated by van der Wel et al. (2014) and many
others (e.g. Bezanson et al. 2009; Hopkins et al. 2009b; van
Dokkum et al. 2010).
In the minor-mergers hypothesis of size growth, galaxies
are able to grow disproportionately more in size compared to
stellar mass with decreasing redshift. This is because minor
mergers cause mass to be preferentially deposited at larger
radii. Such growth would be able to increase the intercept
of the mass-size relation without significantly affecting the
slope. This is seen in the field for 3D-HST between 0 < z < 3
in van der Wel et al. (2014). In order to test whether it
is indeed minor mergers driving the evolution in the inter-
cept, we need a population of galaxies that we know are
virtually unable to grow via minor mergers, and compare
their stellar mass-size relation to 3D-HST at fixed redshift.
This population is represented by our cluster galaxies. The
high velocity dispersions in clusters suppress mergers from
occurring, consequently suppressing size growth via minor
mergers. If minor mergers are truly responsible for the ma-
jority of the disproportionate size growth observed in the
field, we should find that the sizes of cluster galaxies are
offset to smaller sizes at fixed redshift. The magnitude of
this offset needs to be equivalent to the expected evolution
in the intercept of the field mass-size relation between the
redshift at which the current cluster galaxies fell into their
clusters and z ∼ 1. If the magnitude of the size offset is sig-
nificantly smaller than this value, we cannot be sure that
minor mergers are responsible for the majority of the size
growth observed in the field.
A cluster with the average mass of a GCLASS cluster
(4.2 × 1014 M; see Table 1) at z ∼ 1 is expected to accrete
most of its mass by approximately 1.2 6 z 6 1.5 (Fakhouri
et al. 2010; van der Burg et al. 2015)7. Under the assump-
tion that most of the current GCLASS cluster members fell
into their clusters from the field at these redshifts – and had
their size growth suppressed since then – they should ex-
hibit sizes that follow the field stellar mass-size relations at
these redshifts. We use the preferred parameterisations for
the evolution in the intercept of the field mass-size relation
found in van der Wel et al. 2014 (Re f f / kpc = 4.3 h(z)−1.29
for quiescent galaxies and Re f f / kpc = 7.8 h(z)−0.66 for
star-forming galaxies) to check the expected size offset in
the field between z ∼ 1 and 1.2 6 z 6 1.5. We find size
offset ranges of 0.06 − 0.2 dex and 0.03 − 0.08 dex for qui-
escent and star-forming galaxies respectively. Our results of
7 This is found by looking at the halo mass a cluster with the
average M200 of a GCLASS cluster at z ∼ 1 would reach by z ∼ 0 in
the Millenium Simulations. The redshift at which approximately
> 50% of the mass is assembled is read-off from the top panel of
Figure 6 in Fakhouri et al. (2010).
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Figure 8. Histograms of the differences between the mean size
offsets of cluster and field galaxies in log space (mean cluster size
offset - mean field size offset). Cluster and field size offsets are
measured relative to the 1000 possible field mass-size relations
for the 1000 different field samples. This is done for quiescent
and star-forming galaxies separately. Solid black vertical lines
show the location of no difference in average size between field
and cluster galaxies at fixed stellar mass. Dashed vertical lines
show the mean of all the differences measured in the mean size
offsets of cluster and field galaxies. Grey shaded regions show one
standard deviation in the mean size offset differences. On aver-
age, quiescent and star-forming cluster galaxies are smaller than
their field counterparts by (0.08 ± 0.04) dex and (0.07 ± 0.01) dex
respectively.
(0.08±0.04) dex and (0.07±0.01) dex for quiescent and star-
forming galaxies are therefore consistent with these allowed
ranges, supporting the possibility that minor mergers are
the dominant route for galaxy size growth.
Previous work on measuring the difference between the
field and cluster stellar mass-size relations at fixed redshift
has consisted of a diverse range of results. At low redshifts
(z < 0.2), Cebria´n & Trujillo (2014) is the only study which
finds smaller sizes in both early-type and late-type galaxies
in the cluster environment. They find that early-type and
late-type cluster galaxies are ∼3.5% and ∼7.5% smaller than
their field counterparts respectively. These percentages are
approximately what is expected at these redshifts if we use
the same parameterisations from van der Wel et al. (2014)
and assume that most of the current cluster members in the
clusters used in Cebria´n & Trujillo (2014) fell into their clus-
ters at a redshift that corresponds to ∼ 1 Gyr prior to obser-
vation. However, Weinmann et al. (2009) and Maltby et al.
(2010) find no difference in early-type galaxies with environ-
ment. At a similar redshift to our work, Delaye et al. (2014)
studied the mass-size relation for massive early-type galax-
ies in 9 clusters compared to a field sample selected from a
variety of datasets. They found no difference in the median
sizes with environment, but a skew towards larger sizes in
clusters by 30 − 40%. This is a significantly different result
to ours, where we find early-type galaxies are ∼ 20% smaller
in clusters compared to the field, at fixed stellar mass. At a
slightly higher redshift of z∼1.3, Raichoor et al. (2012) found
early-type galaxies to be 30 − 50% smaller in clusters. This
result is also consistent with what is expected at this redshift
using the intercept evolution parameterisation for quiescent
galaxies from van der Wel et al. (2014) and assuming the
current cluster members fell into their clusters at a redshift
corresponding to ∼ 1 Gyr prior to observation. We postulate
that these conflicting results in the literature might be due
to a combination of small sample sizes at high redshifts and
the difficulty in minimising systematics between field and
cluster samples.
We have shown that when a careful treatment of sys-
tematics between datasets is carried out, there is a differ-
ence between the field and cluster stellar mass-size relations
at z ∼ 1. The magnitude of this difference is consistent with
the expected size growth from minor mergers in the field for
the likely duration the current cluster galaxies at z ∼ 1 have
been in their clusters.
It should be mentioned that size growth in the quiescent
field population is also thought to be due to newly-quenched
field galaxies joining the quiescent field population at later
times (Carollo et al. 2013). Galaxies that quench later are
larger than galaxies that quenched earlier. Therefore, if a
large fraction of the quiescent field population consists of
newly-quenched galaxies, quiescent field galaxies would be
on average larger than quiescent cluster galaxies at fixed
redshift and stellar mass. Nevertheless, while this does play
a role in the average size growth of the quiescent field pop-
ulation, it is not thought to be the only explanation, with
merging thought to be the other important contribution (e.g.
van der Wel et al. 2009).
Our suggestion that the lack of minor mergers in the
cluster environment inhibits size growth would consequently
lead to a significant difference between the cluster and field
environment at low redshifts. In Section 6 we will discuss
the implications of this in more detail.
In the next section, we will investigate whether the dif-
ferences in the cluster and field mass-size relations are due
to morphological differences.
5 MORPHOLOGY AND THE CLUSTER VS.
FIELD STELLAR MASS-SIZE RELATION AT
z ∼ 1
We use the Se´rsic index measurements from the structural
parameter estimation with GALFIT for GCLASS (see Sec-
tion 2.3.3) and 3D-HST (van der Wel et al. 2012) as a proxy
to track morphology across the mass-size plane. Figure 9
shows the mass-size relation for both cluster and field sam-
ples in three bins of Se´rsic index. Disc-like and bulge-like
morphologies tend to correlate with Se´rsic index (e.g. Ravin-
dranath et al. 2004). We therefore use the Se´rsic index mea-
surements as proxies, classing galaxies as “disc-like” if they
have n 6 1 and “bulge-like” if they have n > 2.5. We then
categorise the rest of the galaxies as intermediate-types in a
MNRAS 000, 1–22 (2018)
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Figure 9. The stellar mass-size relation at z ∼ 1 in both the field (left column) and cluster (right column) environment, split into
three bins of Se´rsic index (top, middle and bottom rows) to track morphology. Blue squares indicate star-forming galaxies, red squares
quiescent galaxies. Solid black lines indicate the field mass-size relations for z ∼ 1 derived using results from van der Wel et al. (2012,
2014). Grey circles indicate the GCLASS BCGs.
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Figure 10. The morphological composition of both the field
and cluster environments at fixed stellar mass. Quiescent
intermediate-type and bulge-like galaxies are more popular in the
cluster environment.
Se´rsic index bin between these two. To illustrate this com-
parison between the two environments, we truncate both
samples to the mass completeness limits of GCLASS. The
field sample used is one of the 1000 field samples that led to
a cluster size offset close to the values found in Section 4.
These values are also stated in Figure 8.
Firstly, when comparing the location of galaxies on the
mass-size plane based on their morphologies in both envi-
ronments, it can be established that disc-like (bulge-like)
galaxies lie closer to the star-forming (quiescent) field rela-
tion at z ∼ 1. Alternatively, it shows that Se´rsic index is
well-correlated with quiescence, as has been seen in other
samples (e.g. Franx et al. 2008; Bell et al. 2012). Therefore,
these field relations can be used as markers to track mor-
phological changes across the mass-size plane. The mass-size
relations for each morphological type are broadly the same
in both environments.
There is however a larger fraction of quiescent interme-
diates and quiescent bulge-like galaxies in the clusters com-
pared to the field, whereas the disc-like population in both
environments is dominated by star-forming galaxies. This is
more clearly seen in Figure 10. This excess population of qui-
escent intermediate-type galaxies points towards a cluster-
specific process that quenches them more efficiently than if
they resided in the field. A number of studies have identified
an abundant population of “passive spirals” or “red discs”
in clusters compared to the field (van den Bergh 1976; Goto
et al. 2003; Moran et al. 2007; Gallazzi et al. 2008). The most
recent study of which is a study of the mass-size relation in
the z = 0.44 cluster MACS J1206.2-0847 (Kuchner et al.
2017). Here, they attribute its existence to cluster-specific
quenching processes that lead to a fading of the stellar disc
with respect to the inner bulge region. This would make the
galaxy look smaller than a disc-like galaxy, which is proba-
bly why many of the quiescent intermediates lie in the region
between the two field relations.
Furthermore, Kuchner et al. (2017) also found
that this population was more prevalent in the regime
R500 < R < R200, which is where in-falling galaxies first feel
the effects of the cluster’s tidal field and start to be sub-
jected to “starvation” (Moran et al. 2007). This process can
allow gas within the galaxy to escape (Larson et al. 1980)
as well as distort the distribution of gas. This was seen by
Vogt et al. (2004), who found that a larger population of
asymmetric, stripped and quenched spirals are predominant
in the hottest and richest of clusters based on H I prop-
erties. With the galaxy’s gas supply removed, star forma-
tion is unable to continue in the galaxy. Eventually, the disc
will fade further to the point where the bulge region of the
galaxy will look brighter than the disc. The galaxy will then
look bulge-like. Hence, this increased efficiency in quenching
intermediate-types may be directly responsible for the larger
fraction of quiescent bulges in the clusters. This result sug-
gests that there is a direct morphological consequence of
environmentally-driven quenching.
6 EVOLUTION OF THE CLUSTER MASS-SIZE
RELATION WITH REDSHIFT
In Section 4, we presented results that may support the hy-
pothesis that minor mergers drive the size growth of galax-
ies in the field environment. However, the fact still remains
that at low redshifts, small or negligible differences exist be-
tween the cluster and field stellar mass-size relations (Wein-
mann et al. 2009; Maltby et al. 2010; Cebria´n & Trujillo
2014). Since the intercept of the field mass-size relation in-
creases with decreasing redshift (van der Wel et al. 2014),
the same must therefore happen to the cluster mass-size rela-
tion for there to be such small differences between the cluster
and field mass-size relations at low redshifts. This poses a
problem for cluster galaxies. Whilst the observed decline in
the number density of compact quiescent field galaxies with
decreasing redshift (e.g van der Wel et al. 2014) could be
explained by size growth via minor mergers, it cannot ex-
plain the increasing intercept of the cluster quiescent mass-
size relation with decreasing redshift. This is because cluster
galaxies are unlikely to grow in size via minor mergers. The
size offsets towards smaller sizes measured in the GCLASS
clusters support this hypothesis. Based on this hypothesis,
as a galaxy cluster evolves, it will continually accrete new
field galaxies, subsequently “freezing” their size growth once
they enter the cluster. Over time, larger field galaxies will
be accreted, but the older, smaller field galaxies that were
accreted at earlier times will still be present in the clus-
ter. A build-up of compact cluster galaxies is created that
will suppress increases in the intercept of the mass-size re-
lation with decreasing redshift. To allow for the intercept of
the cluster mass-size relation to significantly increase with
decreasing redshift, there is only one option left. Since the
compact cluster galaxies are unlikely to grow in size via mi-
nor mergers in the clusters, they need to be destroyed by
some mechanism that is most likely cluster-specific.
6.1 Toy model
The two ways satellite galaxies in clusters can be destroyed
are by either merging with their BCGs or being tidally dis-
rupted into the ICL. We therefore construct a toy model to
investigate whether the most compact cluster galaxies that
exist in the GCLASS clusters at z ∼ 1 can be destroyed
by merging with their BCGs or being tidally disrupted into
the ICL, such that the small differences observed between
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Figure 11. Left panel: 0 < z < 0.5 field stellar mass-size relation from 3D-HST within the mass completeness limits of GCLASS. The
black dashed line is the corresponding quiescent field relation calculated using results from van der Wel et al. (2012) (see text). The solid
black line shows the z ∼ 1 quiescent field relation calculated in this study using 3D-HST measurements. Right panel: z ∼ 1 cluster stellar
mass-size relation from GCLASS within mass completeness limits. Lines are the same as in the left panel. Hatched region in both panels
shows our toy model selection area for compact galaxies in GCLASS that should merge with their BCGs or become part of the ICL by
low redshifts.
the cluster and field stellar mass-size relations at z ∼ 0 can
be achieved. The plausibility of this scenario depends upon
several constraints.
6.1.1 Constraints
Recent studies have shown that BCGs increase their stellar
mass by a factor of ∼2 between z ∼ 1 and z ∼ 0 (Lidman
et al. 2012, 2013; Lin et al. 2013; Bellstedt et al. 2016).
Therefore, the final stellar masses of the GCLASS BCGs at
z ∼ 0 cannot be more than approximately double their cur-
rent stellar masses at z ∼ 1 in the toy model. The remaining
compact cluster galaxies left after this maximum stellar mass
has been reached by the GCLASS BCGs would need to be
tidally destroyed and contribute to the stellar mass of the
ICL. However, there are also constraints on the stellar mass
of the ICL at z ∼ 0. Recent work at z ∼ 0.3 − 0.5 has shown
that the ICL stellar mass budget is 6 − 23% of the entire
cluster stellar mass contained within ∼R500 (Presotto et al.
2014; Montes & Trujillo 2014; Giallongo et al. 2014). Hence
if we assume the ICL stellar mass is negligible at z ∼ 1, the
total stellar mass of those compact cluster galaxies in the
GCLASS clusters that need to be tidally destroyed can be
no more than 6 − 23% of their cluster’s total stellar mass
within ∼R500 at z ∼ 0.
6.1.2 Assumptions & Sample selection
We make the overall assumption that the majority of minor
mergers a BCG will have between z ∼ 1 and z ∼ 0 will be with
compact cluster galaxies that are already in place at z ∼ 1.
Simulations have also found that the majority of stars which
end up in the BCG and ICL components fell into clusters
before z ∼ 1 (Puchwein et al. 2010). Galaxies which fell in
later do not have enough time to sink towards the centre of
the cluster and subsequently merge with the BCG. This is
also a natural consequence of dynamical friction.
As mentioned earlier, low redshift work has shown that
if there are any differences between the stellar mass-size re-
lations in high and low density environments, they are very
small. Therefore, we can assume that the stellar mass and
size distribution of galaxies in both environments are simi-
lar. Hence we can use the low redshift field mass-size rela-
tion to identify a region which is required to be relatively
absent of compact galaxies at z ∼ 0. This region can then
be used as our selection area for compact cluster galaxies in
GCLASS that should be destroyed by z ∼ 0. We show the
low redshift field stellar mass-size relation from 3D-HST in
the left-hand panel of Figure 11 accompanied with the low
redshift quiescent field relation shown as the black dashed
line8. We also show the z ∼ 1 quiescent field relation as the
solid black line for comparison. The low redshift quiescent
field relation was calculated using the same Bayesian tech-
nique used to calculate the z ∼ 1 field relations in Section 4.
Due to the small sample of low redshift quiescent galaxies in
3D-HST with reliable size measurements (flag value 0 in the
van der Wel et al. (2012) F160W catalogue, GALFIT mea-
sured Re f f < 50 kpc and F160W magnitude < 25), we ran
the fitting process 1000 times on the sample to capture the
range of possible intercept and gradient values. The average
line of all these fits is then used as the final quiescent field
relation. Plotted points also include GALFIT fits that had
a flag value of 1 in the van der Wel et al. (2012) F160W cat-
8 These measurements are selected in the same way as the field
sample in this study, except a low redshift UVJ colour sample se-
lection is used to distinguish star-forming and quiescent galaxies.
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alogue. The region marked with hatches signifies the region
of the mass-size plane that is relatively absent of compact
galaxies at z ∼ 0.
In the right panel of Figure 11, we show this selection
area and the low redshift field relation with respect to the
GCLASS mass-size measurements. It can be seen that our
chosen selection area is more populated in the z ∼ 1 GCLASS
clusters compared to the z ∼ 0 field. For our toy model, we
will select compact cluster galaxies from GCLASS that are
within this region. We only apply our toy model to the sam-
ple of GCLASS galaxies that meet the mass completeness
limits.
6.1.3 Toy model results
We use the analytic model for growth via minor mergers
from Bezanson et al. (2009), which dictates a growth in size
of Re f f ∝ M2∗ after every minor merger event. To simplify our
toy model, we do not use different growth prescriptions for
minor mergers with star-forming/quiescent compact cluster
galaxies to account for differing amounts of dissipation dur-
ing the merger. Instead, we use a model appropriate for mi-
nor mergers between quiescent galaxies, since the majority
of galaxies in the selection area are quiescent.
In Figure 12, we show the results for this growth pre-
scription as well as the extreme case where all compact
cluster galaxies merge with their respective BCGs. Com-
pact galaxies that merge with their BCGs are randomly se-
lected for each cluster from the hatched selection area (see
right-hand panel of Figure 11) for each percentage selection
of compact galaxies shown in Figure 12. The same random
seed is used for each percentage, such that compact galax-
ies selected in smaller percentage prescriptions are part of
the selection in higher percentage prescriptions plus addi-
tionally selected compact galaxies. This allows for a direct
comparison between the different percentage prescriptions.
It is clear that if all the compact cluster galaxies did merge
with their respective BCGs (100% panel in Figure 12), the
sizes and stellar masses of the BCGs would be far too large
compared to what has been observed in the local universe.
We check what percentage of compact galaxies are re-
quired to merge with their BCG for each GCLASS cluster
such that the BCG grows its stellar mass by a factor of ∼2.
This is the amount of stellar mass growth observed for BCGs
between z ∼ 1 and z ∼ 0 for BCGs in clusters similar to those
in GCLASS (see Section 6.1.1). Once again, we randomly se-
lect compact galaxies from the hatched selection area shown
in Figure 11 for each cluster to do this. Despite finding per-
centages ranging from 0% (for SpARCS-1634) to 65% (for
SpARCS-1638), the average for the entire GCLASS sample
is 40%. This suggests that no more than 40% of compact
galaxies on average in each GCLASS cluster can merge with
their BCGs in our model. This fits nicely with the results of
our toy model in Figure 12, which suggests that most BCGs
will follow the low redshift field quiescent stellar mass-size
relation if 40% of compact galaxies in each GCLASS cluster
merge with their BCGs. Under our assumption that 100% of
compact cluster galaxies must be removed from the sample
by z ∼ 0, this implies the remaining 60% of compact cluster
galaxies are destroyed, most likely by tidal disruption into
the ICL.
The HST imaging for all the clusters covers most, if not
all of R500 (see Section 2.1.2). The total stellar mass of a
GCLASS cluster is on average log(M∗/M)∼12.47 assuming
negligible ICL at z ∼ 1. This is calculated by adding the
stellar mass of all galaxies in each cluster above the mass-
completeness limits and then finding the average of these 10
values. Based on the total stellar mass of the compact galax-
ies that did not merge with their BCGs in the 40% prescrip-
tion of our model, this destruction mechanism would lead
to the build-up of an ICL by z ∼ 0 with a stellar mass of
log(M∗/M)∼11.96. The average M200 of the GCLASS sam-
ple is ∼ 4.2 × 1014 M (see Table 1). A cluster of this mass
at z ∼ 1 is expected to grow by a factor of ∼4 by z ∼ 0 (see
Figure 1 of van der Burg et al. 2015). If we assume the stellar
mass contained within ∼R500 of the cluster increases by the
same factor, this would lead to a total cluster stellar mass of
log(M∗/M)∼13.07 at z ∼ 0. The ICL stellar mass fraction
at z ∼ 0 will therefore be ∼8% for a typical GCLASS cluster
in our toy model. This agrees well with the 6 − 23% found
in more thorough studies of the ICL stellar mass fraction at
low redshifts.
6.1.4 Caveats
Due to the simplicity of our toy model, there are other pro-
cesses we have not considered that can alter the ICL stellar
mass fraction. The first is that we only consider the possibil-
ity where compact cluster galaxies get completely destroyed
into the ICL or completely merge with their BCGs. In a
more realistic scenario, many compact cluster galaxies would
be partially stripped into the ICL and partially merge with
their BCGs. This partial stripping and partial merging can
alter stellar mass fractions of the cluster and ICL. There is
also the possibility that a small number of compact cluster
galaxies survive between z ∼ 1 and z ∼ 0, thereby reducing
the ICL stellar mass fraction. Low redshift analogs of these
compact cluster galaxies have been found in other works,
suggesting that some do survive (e.g. Jiang et al. 2012). It is
also likely that some of the most massive quiescent cluster
galaxies at z ∼ 1 contribute stars to the ICL via tidal strip-
ping of their outer regions as well (DeMaio et al. 2018). This
is an additional process that was not considered in our toy
model which is capable of altering the ICL and total clus-
ter stellar mass fractions. Our toy model is only applicable
to cluster galaxies beyond the GCLASS mass completeness
limits. Realistically, low mass galaxies below the mass com-
pleteness limits would also contribute stellar mass to the
BCG/ICL components, but this contribution is likely to be
sub-dominant. This is because most of the stellar mass in
the GCLASS clusters is contained within galaxies that have
a stellar mass of log(M∗/M)∼11 (see Figure 2 in van der
Burg et al. 2014).
We understand that realistically, BCGs will experience
mergers with all types of galaxies - not just compact galaxies.
We have therefore tested whether sampling from the entire
cluster population rather than just the hatched region vi-
olates observational constraints of BCG stellar masses and
the ICL stellar mass fraction at z ∼ 0. This is done by re-
running the toy model without confining the BCG/ICL se-
lection area to the hatched region shown in Figure 11. We
find that a smaller percentage (20%) of cluster galaxies are
required to merge with their BCGs such that the BCGs grow
their stellar mass by a factor of ∼2, leading to a larger ICL
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Figure 12. GCLASS BCG growth to low redshifts using the analytic model for growth via minor mergers from Bezanson et al. (2009).
The first (top left) panel shows the original GCLASS stellar mass-size relation with the BCGs as large grey filled points. The last (bottom
right) panel shows the position of the GCLASS BCGs in the extreme case where all compact cluster galaxies merge with their respective
BCGs. In between, we show the best fit results for increasing percentage selections of compact cluster galaxies. Solid black lines are the
z ∼ 1 field relations calculated in this study and the black dashed line is the low redshift quiescent field relation calculated using results
from van der Wel et al. (2012) (see text).
stellar mass fraction of 18% at z ∼ 0. This ICL stellar mass
fraction is still within the constraints found in low redshift
studies (see Section 6.1.1). The reason the hatched region
was chosen was because the purpose of the toy model is to
test whether there is a stellar mass budget available to ac-
count for the most compact galaxies that would place a drag
on any increases in the intercept of the mass-size relation.
6.1.5 Toy model conclusions
The results of our toy model show that it is possible to
achieve plausible ICL stellar mass fractions, BCG masses
and BCG sizes by accounting for compact cluster galaxies
in this way. This can consequently allow for the intercept
of the cluster mass-size relation to increase with decreasing
redshift, as has been observed. Recent work on the build-
up of the ICL in clusters has shown that at z < 0.9, the
dominant route for ICL formation is the tidal stripping of
galaxies with log(M∗/M)>10.0. At least 75% of the ICL
luminosity in massive clusters is consistent in colour with
originating from galaxies with log(M∗/M)>10.4 (DeMaio
et al. 2018). It is therefore not surprising that we find the
majority of compact galaxies – which are all mostly quies-
cent – in the GCLASS clusters with log(M∗/M)>10.0 are
required to contribute to the ICL to match low redshift ob-
servations of the stellar mass-size relation in our toy model.
Cluster galaxies below these mass limits do not contribute as
significantly to the BCG and ICL components, since most of
the stellar mass in the GCLASS clusters is contained within
galaxies that have a stellar mass of log(M∗/M)∼11 (see Fig-
ure 2 in van der Burg et al. 2014).
6.2 Final remarks
Figure 13 summarises the physical processes thought to be
occurring to reconcile the cluster quiescent stellar mass-size
relation with the field quiescent stellar mass-size relation by
low redshifts based on results found in this study. The pre-
ferred parameterisation for the evolution in the intercept of
the quiescent mass-size relation with redshift for the 3D-
HST fields is shown as the dotted red line (see Section 4).
The square point with the error bar shows the average size
of a GCLASS quiescent cluster galaxy at z ∼ 1. The current
quiescent cluster galaxies we observe in the GCLASS clus-
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Figure 13. The physical processes occurring to reconcile the
cluster quiescent stellar mass-size relation with the field quies-
cent stellar mass-size relation by z ∼ 0. The field quiescent size
evolution follows Re f f / kpc = 4.3 h(z)−1.29 (see Section 4).
ters today likely fell into their clusters around 1.2 6 z 6 1.5
(see Section 4). At this time, they had average sizes that sit
somewhere on the solid red line. Once these galaxies en-
tered the cluster environment, they had their size growth
suppressed due to the lack of minor mergers (based on the
minor-mergers hypothesis). However, between the time of
infall and observation of these galaxies, their field counter-
parts continued to grow via minor mergers in the field. Con-
sequently, when the size offset between field and cluster is
measured at z ∼ 1, quiescent cluster galaxies are found to
be smaller on average. At low redshifts however, negligible
differences between cluster and field are seen. Between z ∼ 1
and z ∼ 0, most of the compact quiescent cluster galaxies
are removed from the cluster sample via mergers with their
BCGs or tidal destruction into the ICL. The sizes of these
compact quiescent cluster galaxies would lie approximately
in the hatched region shown in Figure 13, with some that
are even smaller than Log (Re f f /kpc) = 0.3. The removal
of these small galaxies, and the continual addition of larger
galaxies from the field, leads to smaller and smaller aver-
age size offsets between cluster and field quiescent galaxies
with decreasing redshift. Furthermore, the minor mergers
between the compact quiescent cluster galaxies and their
BCGs allows the BCGs to grow disproportionately more in
size, such that their sizes follow the low-redshift field quies-
cent mass-size relation by z ∼ 0. The combination of these
physical processes lead to better agreement between the field
and cluster quiescent stellar mass-size relations at low red-
shifts.
These results show that the observed increase in the
intercept of the cluster mass-size relation can be explained
by cluster-specific processes that we know to be occurring as
a cluster evolves with time. Our results highlight the need
for a careful comparison of the cluster mass-size relation over
a broad redshift range, such that the physical mechanisms
responsible for the evolution in the cluster mass-size relation
can be directly observed, and therefore confirmed.
7 SUMMARY
Using the cluster environment as a laboratory, we tested
whether minor mergers can explain the majority of the size
growth observed in quiescent field galaxies.
To do this, we performed a comparison study of the
stellar mass-size relation at z ∼ 1 between cluster and field
environments using the largest spectroscopically-confirmed
sample of cluster galaxies at this redshift to date.
In a bid to reduce systematics as much as possible, ob-
servations, data reduction and stellar mass measurements
were made in an almost identical fashion to those for our
field sample from 3D-HST. A custom built GALFIT wrapper
was developed in order to control for systematics between
size and structural measurements for the comparative sam-
ples. The entire size determination method was first tested
on a subset of the field sample and compared to existing
published results to verify its reliability. Our method of size
determination was proven to be highly reliable, with a sys-
tematic offset of 0.28% (see Appendix C).
Our main conclusions are as follows:
(i) Grism-derived redshifts for GCLASS have a precision
of 2000 kms−1, which is more than a factor of 4 improvement
over the photometric redshift precision. This allowed us to
select a cluster membership sample from our grism data that
was ∼90% pure. Overall, this increased our cluster member-
ship sample by 51% of our spectroscopically confirmed sam-
ple with GMOS. This provided us with the largest sample of
cluster galaxies at z ∼ 1 for which stellar mass-size relation
studies have been conducted.
(ii) Cluster galaxies are smaller than their field coun-
terparts at fixed stellar mass. Average size offsets of
(−0.08 ± 0.04) dex and (−0.07 ± 0.01) dex for quiescent and
star-forming cluster galaxies are found respectively. The
magnitude of these offsets are consistent with what is ex-
pected if minor mergers were the main drivers of galaxy size
growth in the field.
(iii) There is a larger population of quiescent
intermediate-type galaxies in the clusters compared to
the field. These are likely to be galaxies undergoing envi-
ronmental quenching – most likely via “starvation” – such
that their disc fades relative to their bulge over time. This
is subsequently thought to be responsible for the larger
population of quiescent bulge-like galaxies in the clusters
compared to the field, suggesting a direct morphological
consequence of environmental quenching.
(iv) Using a toy model, we test whether the observed evo-
lution in the intercept of the cluster mass-size relation with
decreasing redshift can be explained by cluster-specific pro-
cesses. We find that the small differences observed between
the cluster and field stellar mass-size relations at low redshift
can be achieved if ∼40% of the compact cluster galaxies in
GCLASS merge with their BCGs and the remaining ∼60%
become tidally disrupted into the ICL by z ∼ 0. This leads
to an ICL stellar mass fraction averaging ∼8% at z ∼ 0 for
the GCLASS clusters. These results are consistent with the
expected stellar mass growth of BCGs between 0 6 z 6 1
and the expected stellar mass fraction of the ICL at z ∼ 0.
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APPENDIX A: A SUMMARY OF PREVIOUS
RESULTS ON THE CLUSTER VS. FIELD
STELLAR MASS-SIZE RELATION FOR
QUIESCENT GALAXIES
In Table A1 and Figure A1, we summarise results from stud-
ies since 2009 of the cluster versus field stellar mass-size re-
lation for quiescent galaxies.
APPENDIX B: SEXTRACTOR SETTINGS FOR
GCLASS F140W MOSAICS
Table B1 lists the values for the parameters in the SExtrac-
tor configuration file that was run on the GCLASS F140W
mosaics.
APPENDIX C: SIZE COMPARISON TEST
WITH VAN DER WEL ET AL. (2012)
We took the F160W mosaic for CANDELS-COSMOS, and
measured the half-light radii of all the galaxies in the field
using our method of size determination (see Section 2.3).
The reason we did not use the F140W mosaic - which would
have made the comparison to GCLASS more direct - was be-
cause the published structural parameters for all the CAN-
DELS fields in 3D-HST were measured using the F125W
and F160W mosaics, sometimes accompanied with mea-
surements in F098m or F105W (van der Wel et al. 2012).
Both F125W and F160W span approximately half of the
wavelength range covered by F140W. In Appendix D, we
explore how the differing filters for field and cluster sam-
ples affect results in this paper. In Figure C1, we plot
our half-light radii results against those from van der Wel
et al. (2012) in F160W for the same set of galaxies with
0.86 < z < 1.34, F160W magnitude < 25, GALFIT measured
Re f f < 50 kpc, flag value of 0 (see Section 2.4 for the rea-
soning behind this selection) and stellar masses within the
mass completeness limits of our study (log(M∗/M) > 9.96
and log(M∗/M) > 9.60 for quiescent and star-forming galax-
ies, respectively).
Despite the differing methods of size determination,
there are no systematics present. The mean offset between
the two sets of measurements is 0.28%. Divergence from
agreement at larger half-light radii is due to poor signal-
to-noise ratio (F160W magnitude ∼25).
APPENDIX D: THE EFFECT OF DIFFERING
FILTERS ON MEASURED SIZES
As mentioned in the Introduction (Section 1), colour gradi-
ents can vary for galaxies depending on which filter is used to
observe them. This can lead to half-light radii measurements
that differ for the same galaxy, depending on the filter used.
Since the half-light radii measurements for our field sample
were made using images in a different filter (F160W) to the
filter used for the images of the cluster galaxies (F140W),
we performed a check on how this affects conclusions drawn
in this paper.
In Figure D1, we plot our half-light radii mea-
surements made from the 3D-HST COSMOS F140W
mosaic against those made by van der Wel et al.
(2012) for the same set of galaxies with 0.86 < z < 1.34,
F160W and F140W magnitude < 25, Re f f < 50 kpc and
stellar masses within the mass completeness limits of our
study (log(M∗/M) > 9.96 and log(M∗/M) > 9.60 for
quiescent and star-forming galaxies, respectively) from the
CANDELS-COSMOS F160W mosaic. After taking into ac-
count the small systematic difference between the two size
determination methods (see Appendix C), we find that
galaxies are on average 12.87% larger in F140W than in
F160W. Quiescent and star-forming galaxies are 12.12% and
13.04% larger in F140W than in F160W respectively. There-
fore, the sizes for the field sample used in this study would
be on average 12.87% larger if they were measured in F140W
as opposed to F160W. This would therefore lead to a larger
negative offset in the average size of cluster galaxies with re-
spect to field galaxies, further strengthening the conclusions
made in this paper.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table A1. A summary of results from cluster versus field stellar mass-size relation studies of quiescent galaxies since 2009. Studies are
listed by redshift in ascending order.
Reference Redshift Stellar Mass Offset Error Method of measurement
[log(M∗/M)] [w.r.t the field]
Ferna´ndez-Lorenzo et al. (2013) 0 9.0 . log(M∗) . 11.5 0 - zeropoint
Cappellari (2013) 0.0231 10.5 . log(M∗) . 11.3 0 ±4% size distributionsa
Huertas-Company et al. (2013b) 0 < z < 0.09 10.5 . log(M∗) . 11.8 0 30 − 40% median relations
Valentinuzzi et al. (2010a) 0.04 < z < 0.07 10.5 . log(M∗) . 11.6 −0.1 dex - median sizes
Cebria´n & Trujillo (2014) 0 < z < 0.12 9.0 . log(M∗) . 11.0 −4.0% ±0.8% mean sizes
Poggianti et al. (2013) 0.03 < z < 0.11 10.5 . log(M∗) . 11.7 −1σ - median relations
Weinmann et al. (2009) 0.01 < z < 0.2 9.8 . log(M∗) . 12.0 0 - median sizes
Yoon et al. (2017) 0.1 < z < 0.15 11.2 . log(M∗) . 11.8 20 − 40% - median sizes
Maltby et al. (2010) 0.167 9.0 . log(M∗) . 11.0 0 - mean sizes
Kuchner et al. (2017) 0.44 9.8 . log(M∗) . 10.8 2 − 5σ - mean sizes
Morishita et al. (2017) 0.2 < z < 0.7 7.8 . log(M∗) . 12.0 −7% ±3% multidimensional analysisb
Huertas-Company et al. (2013a) 0.2 < z < 1 10.7 . log(M∗) . 11.8 0 - mass-normalised radiic
Kelkar et al. (2015) 0.4 < z < 0.8 10.2 . log(M∗) . 12.0 0 10 − 20% K-S testd
Cooper et al. (2012) 0.4 < z < 1.2 10.0 . log(M∗) . 11.0 0.54 kpc ±0.22 kpc H-L estimatore
Matharu et al. (2019) 0.86 < z < 1.34 10.0 . log(M∗) . 12.0 −0.08 dex ±0.04 dex mean sizes
Sweet et al. (2017) 1.067 9.5 . log(M∗) . 12.0 0 - fitted relations f
Delaye et al. (2014) 0.8 < z < 1.5 10.5 . log(M∗) . 11.5 30 − 40% - mass-normalised radiig
Rettura et al. (2010) 1.237 10.7 . log(M∗) . 11.2 0 < 20% fitted relations
Raichoor et al. (2012) 1.3 11.0 . log(M∗) . 11.5 − 30 − 50% - size ratio distributionsh
Saracco et al. (2017) 1.3 9.0 . log(M∗) . 12.0 0 - K-S test
Chan et al. (2018) 1.39 < z < 1.61 10.5 . log(M∗) . 11.8 24% - median sizes
Lani et al. (2013) 1 < z < 2 11.3 . log(M∗) . 11.8 48% ±25 mean sizes
Bassett et al. (2013) 1.6 10.3 . log(M∗) . 11.3 0.6 kpc 2σ median sizes
Papovich et al. (2012a) 1.62 10.5 . log(M∗) . 11.0 0.7 kpc +1.7, −0.9i kpc median sizes
Newman et al. (2014) 1.8 10.8 . log(M∗) . 11.7 0.01 dex 0.09 dex mean sizes
Strazzullo et al. (2013) 2 10.0 . log(M∗) . 11.5 2× larger ±0.08 j mean sizesk
Andreon (2018) 2 10.7 . log(M∗) . 11.5 3× larger - mass-normalised sizesl
Allen et al. (2015) 2.1 10.7 . log(M∗) . 11.5 0.36 kpc 0.69 kpc mass-normalised radii
a difference in the mean of the size probability distributions.
b A relation where size is a function of multiple variables – not just stellar mass – is defined, leaving environment as the only
distinguishing factor.
c re × (1011M/M∗)
d Kolmogorov-Smirnov tests were carried out to estimate the probability, p, that the field and cluster samples were derived from the
same size distribution. Environmental differences were considered significant if p < 0.05 (> 2σ significance).
e Hodge-Lehmann estimator of the mean. This is given by the median value of the mean computed over all pairs of galaxies in the
sample.
f Comparison of fitted mass-size relation to that of van der Wel et al. (2014) in their Figure 9.
g re/M0.5711 , where M11 = M∗/1011M
h Peak of the size ratio normalised distributions, where the size ratio is re/re,Valen . re,Valen is the half-light radius as predicted by
the Valentinuzzi et al. (2010a) mass-size relation.
i Error propagation of the interquartile ranges stated for field and cluster medians in this work.
j Error propagation of the mean re/re,Shen2003 errors. k difference in the average size ratio re/re,Shen2003, where re,Shen2003 is the
average half-light radius as given by the Shen et al. (2003) mass-size relation.
l Comparison of the mean galaxy size at log(M∗/M) = 11.
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Figure A1. A summary of results from cluster versus field stellar mass-size relation studies of quiescent galaxies since 2009. Positive
percentages indicate larger sizes in clusters with respect to the field. Error bars are shown for those works which stated errors that could
easily be converted into percentages. Legend labels are arranged by redshift in ascending order. See Table A1 for more details.
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Table B1. SExtractor configuration file parameters for the
GCLASS F140W mosaics
Parameter Value
CATALOG_TYPE ASCII_HEAD
DETECT_TYPE CCD
DETECT_MINAREA 5
DETECT_THRESH 2.0
ANALYSIS_THRESH 2.0
FILTER Y
FILTER_NAME gauss_1.5_3x3.conv
DEBLEND_NTHRESH 32
DEBLEND_MINCONT 0.005
CLEAN Y
CLEAN_PARAM 1.0
MASK_TYPE CORRECT
PHOT_APERTURES 5
PHOT_AUTOPARAMS 2.5, 3.5
PHOT_PETROPARAMS 2.0, 3.5
PHOT_FLUXFRAC 0.5
SATUR_LEVEL 50000.0
SATUR_KEY SATURATE
MAG_ZEROPOINT 26.45
MAG_GAMMA 4.0
GAIN 0.0
GAIN_KEY GAIN
PIXEL_SCALE 0.06
SEEING_FWHM 0.23
STARNNW_NAME default.nnw
BACK_SIZE 64
BACK_FILTERSIZE 3
BACKPHOTO_TYPE LOCAL
WEIGHT_TYPE MAP_WEIGHT
WEIGHT_GAIN Y
MEMORY_OBJSTACK 3000
MEMORY_PIXSTACK 300000
MEMORY_BUFSIZE 1024
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Figure C1. Level of agreement with results from van der Wel
et al. (2012) for the half-light radii measurements of the same set
of galaxies with 0.86 < z < 1.34, F160W magnitude < 25, Re f f <
50 kpc and stellar masses within the completeness limits of our
study (log(M∗/M) > 9.96 and log(M∗/M) > 9.60 for quies-
cent and star-forming galaxies, respectively) from the CANDELS-
COSMOS F160W mosaic. Solid line indicates the position of one-
to-one agreement. The mean offset between the two measurements
is 0.28%.
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Figure D1. Level of agreement between the half-light radius
measurements made by van der Wel et al. (2012) in F160W versus
those made for the same set of galaxies in F140W using our size
determination method. Quiescent galaxies are shown as larger red
points and star-forming galaxies are shown as smaller blue points.
These galaxies have redshifts within the range 0.86 < z < 1.34,
F160W and F140W magnitude < 25, Re f f < 50 kpc and stellar
masses within the completeness limits of our study (log(M∗/M) >
9.96 and log(M∗/M) > 9.60 for quiescent and star-forming galax-
ies, respectively). The solid line indicates the position of one-to-
one agreement. Galaxies are on average 12.87% larger in F140W
than in F160W. Quiescent and star-forming galaxies are 12.12%
and 13.04% larger in F140W than in F160W respectively.
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